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A new type of thin film heat transfer gauge is applied to the measurement of heat-transfer 
coefficients in the interaction regions of incident shock waves and fullv deve!o&- t - s F h  .Y."ii, 'en; boundary 
lavers. I t  has Seen developed to measure heat flux with high spatial resolution and fast response 
for wind tunnels with long flow duration. 
To measure the heat-transfer coefficients in the interaction region in detail, experiments were 
Performed under the conditions of Mach number = 1. total pressure = 1.2 MPa. TWITo = 0.59-0.63. 
Reynolds number = 1.3-1.5X107, and incident shock angles from 17.8' to 22.8' 
The results show that the heat-transfer coefficient changes complicatedly in the interaction 
region. At the beginning of the interaction region. the heatetransfer cwfficient decreases a t  first. 
reaches i ts  minimum value a t  the point where the pressure begins to increase, and then increases 
sharply. When the boundary laver begins to separate. even a small separation bubble cauws 
significant changes in the heactransfer coefficient, while the pressure does not show any change 
which suggests that the boundary layer begins to separate. 
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Measurement of Heat-Transfer Coefficients in Shock 
Wave-Turbulent Boundary Layer Interaction Regions 
with a Multi-Layered Thin Film Heat Transfer Gauge. * / 4 5 5  
Masanori Hayashi, Akira Sakurai and Shigeru Aso 
1. Introduction. 
It is a well known problem in aero-engineering that in a supersonic aircraft 
such as the Space Shuttle, shock waves interact with turbulent boundary layers 
of the aircraft surface and a large local heat-flux is generated by separation and 
reattachment of the boundary 1ayer.l) 
Although many experiments have been performed on this p r ~ b l e m , ~ ) - ~ )  de- 
tailed measurement of heat-flux is not available due to enormous spatial variations 
of heat-flux and pressure in the interaction regions. Therefore, the mechanism of 
air-friction heating and detailed s t r u c t u r e s  of hea t - f lux  are n o t  w e l l  known. 
In order to measure heat-flux of the interaction regions, we have developed 
a heat transfer gauge with good spatial resolution and fast response. This gauge 
can be used in a supersonic wind tunnel with long flow duration as well as in a 
shock wave tube with short flow duration. Measurement theory, me thods  t o  make 
the gauge, and method of calibration have been already r e p ~ r t e d . ~ )  This gauge 
directly measures heat-flux by measuring temperature gradient of a thermal re- 
sistor using two thin metal films. 
We have applied this gauge to the heat-flux measurement in the interaction 
regions of incident shock waves and turbulent boundary layer, and proved that 
the gauge has high sensitivity and good resolution.6) In the present experiment, 
the gauge was applied to the measurement of heat-transfer coefficients in the 
interaction regions of shock wave and turbulent boundary layer. 
2. Multi-layered thin film heat transfer gauge. \456 
A schematic structure of the multi-layered thin film heat-transfer gauge is 
shown in Fig. 1. A layer of thermal resistor is attached on the object surface 
* 
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through an electrical insulator. The heat-flux measurement is made by measuring 
temperature gradient of the thermal resistor layer using two thin metal film 
thermometers (“thin film gauge” in short) attached on both sides of the surface. 
These films are made by vacuum evaporation. Silicon-monoxide is used for the 
electrical insulator and the thermal resistor layer, and Nickel is used for the thin 
film gauge. The thin film gauge used in the present experiment is shown in Fig. 
2 and its width is 0.2 mm. Spatial resolution of the gauge is 0.2 mm; frequency 
response is about 600 Hz; and sensitivity is 2 . l O ~ l O - ~  V/(w/m2) for 1 V bridge 
voltage. The detailed explanation of the measurement theory and the calibration 
method are described in ref. 6). 
t h i n  f i l m  
I 
thermal  r e s i s t o r  
t h i n  f i l m  
gauge 2 ~ i n s u l a t o r  
o b j e c t  
F igure  1. Schematic s t r u c t u r e  of t h e ,  F igure  2. The t h i n  f i l m  gauge used 
mul t i - layered  t h i n  f i l m  h e a t - t r a n s f e r  i n  t h e  experiment .  
gauge. 
3. Experimental setup and method. 
A turbulent boundary layer is created on a plate model located in a supersonic 
wind tunnel. A shock wave generator is placed in front of of the model and an 
interaction region is created by introducing the shock wave onto the boundary 
layer. In principle, many gauges can be placed in the main stream and many 
measurements can be made simultaneously. In the present experiment, however, 
one gauge was used by moving the shock wave generator along the main stream, 
because a steady flow lasting for about a minute was available in the wind tunnel. 
3.1 Experimental setup. 
The supersonic wind tunnel used in the experiment has the following charac- 
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ters: Mach number 4, the cross section 150 mm x 150 mm, and the flow duration 
time about 60 sec. The plate model used in the experiment is shown in Fig. 3. 
A cooling device is attached to satisfy the cooled wall condition. The gauge is 
attached at 500 mm from the leading edge and placed on the central axis of the 
wind tunnel. Pressure holes of 0.5 mm radius and thermocouples are placed at 
10 mm from the gauge. The pressure and temperature distributions on the plate 
are measured by using the pressure holes of 0.5 mm radius and the thermocou- 
3. The results are shown in 
Fig. 4 and Fig. 5. The experimental conditions were as follows: Mach num- 
ber 3.84-3.87, pressure 1.22-1.25MPa, temperature To=445K, plate temperature 
ratio T,/To=0.66. The pressure on the plate was kept constant within +7% - 
-3% range relative to the wind tunnel static pressure P,. The plate temperature 
was kept constant within kl%. Reynolds number based on the distance between 
the leading edge and the gauge was 1.8x107, indicating that a fully developed 
turbulent boundary layer was created. 
ples placed at the points indicated by A in Fig. \457 
inlets & outlets 
Fig. 3. The plate model. 
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Figure 4. Pressure distri- Figure 5. Temperature 
bution on the plate. distribution on the plate. 
1 1 3  ' (mm) 
Figure 6. The shock wave 
generator. 
Figure 7. The moving and angle 
varying mechanisms of the shock 
wave generator. 
(1) stepping motor 
(2) air-actuator 
(3) ball screws 
(4) linear motion bearings 
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The shock wave generator used in the experiment is shown in Fig. 6. Since 
the wind tunnel can not be started if the wedge angle of the shock wave generator 
is large, the wedge angle is set to zero degrees at first. After starting the wind 
tunnel, the wedge angle is increased by an actuator. The movement of the device 
along the main stream is made by a stepping motor and ball screws with a 
positioning accuracy of 0.01 mm. Flexure of the shock wave generator holder is 
under 0.1 mm during the wind tunnel operation. The moving and angle varying 
mechanisms are shown in Fig. 7. The moving range along the main stream is f62 
mm. Since the distance between the leading edge of the plate and the measuring 
gauge is 500 mm, there is almost no variation in t h e  Reynolds number based on 
the distance between the leading edge of the plate and the shock wave impact 
point. 
3.2 Experimental conditions. 
The experimental conditions are shown in Table 1. Reynolds number is based 
on the distance between the leading edge of the plate and the measuring gauge. 
The incident shock angles were measured by the Schlieren photography. 
TABLE 1. Experimental conditions 
shock 
17.8' 
18.5' 
19.2' 
20.2' (Case 1) 
20.2' (CaseL) 
21.2' 
21.5' 
22.8' 
'22.P' .,* 
r e l a t i v e  
temp . 
SSUJe i 
w a l l  nv/T,, Rex 
4 a c h ,  i p r e  PO M oL1 
no. ~ ( ~ 1 0 ~  Pa) 
I 
4 . 0 0  
4.00 
3.99 
3.98 
3.99 
3.98 
3.99 
3.98 
I .q)$ I 
1.23 
1.23 
1.23 
1.21 
1.22 
1.24 
1.24 
1.22 , 
1.22 
3.3 Experimental method. 
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After the wind tunnel became a stationary state, the shock wave genera- 
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tor was moved with a constant velocity (3 mm/sec). The angle and movement 
controls were made by a microcomputer. All the readings of heat-flux gauges, 
pressure sensors, and thermocouples were recorded using a 12 bit-AD converter. 
The spatial resolution was less than 0.5 mm. The coordinate of the pressure and 
heat-transfer distributions along the main stream is defined such that the origin 
is the impact point of the shock wave on the plate and the positive direction is 
along the main stream. 
4. Results and considerations. 
4.1 Visualization of the stream. 
Typical Schlieren photographs of the interaction region are shown in Fig. 
8(a)-(d). The knife edge is horizontal to the plate. 
(b) 
- > u r n -  
( a )  i n c i d e n t  shock annlel8-5' 
(b)  i n c i d e n t  shock a n q l e  20.2' (Case 1) 
:c) i n c i d e n t  shock annle2o.z0 (Case 2) 
(d) i n c i d e n t  shock angle'22.1" 
Fig. 8 Schlieren photographs (The left hand side is upstream). 
At the incident shock angle 18.S0, the incident shock wave is bent gradually 
and reflected in the boundary layer. Compressive waves are observed in front of 
the reflected shock wave. 
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Since the incident shock angle 20.2' corresponds to the transition angle where 
the boundary layer starts to separate as described in section 4.3, various wave 
forms and different pressure distributions are observed due to small differences of 
the experimental conditions. For convenience, Fig. 8(b) (corresponding pressure 
distribution is Fig. ll(a)) will be called Case 1, and Fig. 8(c) (corresponding 
pressure distribution is Fig. 12(a)) will be called Case 2. In Case 1, similar wave 
forms observed in shock angle 18.5' are observed. In Case 2, however, the shock 
wave crosses the reflected shock wave around the impact point to the boundary 
layer. Reflected expansive waves are also observed. 
( b )  
x 102 
8 -  
6 .  r 
$ 4 .  Y 
For the incident shock angles greater than 21.2", the reflected shock wave is 
observed in front of the impact point as shown in Fig. 8(b). Area of the reflected 
X - Ximph m) 
0 
J/-- 
expansive waves created behind the reflected waves is also increased. 
c 
2 -  
4.2 Pressure distribution. 
Typical pressure distributions in the interaction region are shown in Fig. 9(a) 
to Fig. 13(a). The pressure is normalized to that on the wind tunnel wall. 
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Figure 10. At the incident shock 
angle 19.2O 
(a) pressure distribution (b) heat- 
transfer coefficient distribution 
I I  
Figure 12. At the incident shock 
U"b2.U 3 m n i o  3n -"I- 3 0  (case 2 )  
(a) pressure distribution (b) heat- 
transfer coefficient distribution 
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Figure 11. At the incident shock 
angle 20.2 (case 1)" 
(a) pressure distribution (b) heat- 
transfer coefficient distribution 
( a  1 
From the shock angle 17.8' to 19.2', the pressure increases rapidly in front 
of the impact point to the boundary layer and, then gradually reaches a constant 
value. 
At  shock angle 20.2', the pressure distribution of Case 1 shows a similar be- 
havior observed in the angles between 17.8" and 19.2'. The pressure distribution 
of Case 2, however, shows a different behavior. Namely, a plateau is observed 
after the rapid increase. The plateau is a characteristic behavior of the boundary 
layer separation in the interaction regi~n.~)l') This plateau region seems to be 
expanding as the shock angle increases up to 22.8'. 
It is known from the previous experiments of shock wave and boundary layer 
interaction that the boundary layer starts to separate at the beginning of the 
plateau region and reattaches at the end where the pressure starts increasing 
again.7)18) Therefore, at the shock angles greater than 20.2' where the plateau is 
observed, the boundary layer starts to separate at the beginning of the plateau 
region and reattaches at the end. However, the appearance of pressure plateaus i s  
not necessarily related to very small separation bubbles as described in the next 
section of the heat-transfer coefficient measurement. 
4.3 Heat-transfer coefficient distribution. 
The heat-transfer coefficient distribution in the interaction region was mea- 
sured in terms of the following value h:3) 
Qw h =  
Taw - T w '  
where 
\460 
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Prandtl number P, is calculated at the wall temperature T,. 
Typical heat-transfer coefficient distributions in the interaction region are 
shown in Fig. 9(b) - Fig. 13(b). Since the heat-transfer coefficients were mea- 
sured with good spatial resolution, interesting results have been obtained. 
As shown in Fig. 9(b)-13(b), it is found for all incident shock angles that 
the heat-transfer coefficient decreases to a minimum just before the shock wave 
enters the boundary layer, and then increases rapidly. For the shock angle 18.5', 
the minimum of the heat-transfer coefficient occurs at the point shown with A in 
Fig. 9(b) which corresponds to the point where the pressure starts increasing as 
shown with A in Fig. 9(a). This means that the heat-transfer coefficient starts 
decreasing before the pressure starts increasing. This phenomenon is observed 
experimentally for the first time. 
Although Holden2), and Kaufman I1 and Johnson3) have r epor t ed  a s i m i l a r  
reduction of the heat-transfer coefficient in the interaction region of shock wave 
and boundary layer, our experiment has made more detailed observations such 
as location of minimum, magnitude and variation of the heat-transfer coefficient, 
and relation between pressure and heat-transfer distributions. 
Appearance of the minimum of heat-transfer coefficient may be explained as 
follows. A reversed pressure gradient is created in the boundary layer by the 
interaction of compressive wave and reflected shock wave. While the boundary 
layer crosses the pressure gradient, the velocity gradient and, therefore, surface 
friction near the surface get reduced, resulting in the reduction of air-friction 
heating. Back and Cuffe14) have observed the reduction of velocity gradient of 
the boundary layer in interaction req ions .  
Behavior of the heat-transfer coefficient after the rapid increase was observed 
as follows. For the shock angles between 17.8' and 20.2"(Case l), the pressure 
10 
distribution did not change, but the heat-transfer coefficient changed greatly. At 
the shock angles 17.8' and 18.5', after reaching the peak value, the heat-transfer 
coefficient decreased slightly and, then increased gradually reaching to the max- 
imum value. At  the shock angle 19.2', the heat-transfer coefficient distribution 
shows a break during the rapid increase. At the shock angle 20.2' (Case l), 
this break developed to a dip as shown in Fig. l l(b).  This tendency is even 
pronounced in Case 2 as shown in Fig. 12(b). On the other hand, the pressure 
distribution of Case 2 clearly shows a difference from that of smaller shock an- 
gles, as shown in Fig. 11(a) and 12(b). It is worth mensioning that the plateau 
of pressure distribution is not yet appeared at the shock angles 19.2' and 20.2' 
(Case l), but the heat-transfer coefficient behavior observed at the shock angles 
larger than 20.2' (Case 2) a l r e a d y  appea red  a t  19.2' and 20.2O (case 1). 
the first peak position of the heat-transfer coefficient corresponds to the point 
where the boundary layer starts to separate, the boundary layer starts to sep- 
arate around shock angle 19.2', and small separation bubbles are developed at 
shock angle 20.2' Case 1. The shock angles between 19.2' and 20.2' correspond 
to the transitional region of the boundary layer separation. 
S i n c e  
\46\ 
For the shock angles between 20.2' (Case 2) and 22.8', the heat-transfer 
coefficient distributions show a similar behavior as shown in Fig. 12(b) - 13(b). 
Typical behavior will be explained as follows taking Fig. 13(b) as an example. 
The heat-transfer coefficient reaches a minimum value at the point when 
the pressure starts increasing (l), and then increases rapidly to a maximum 
value just before the pressure plateau starts (2). After the maximum, the heat- 
transfer coefficient decreases until the pressure plateau ends, and then increases 
again (3) until far beyond the interaction region (from (3) to (4)). Although it 
is not directly related to the interaction phenomena, the heat-transfer coefficient 
decreases rapidly at the far end due to the expansive wave coming from the back 
of the shock wave generator (4). 
The phenomenon of rapid increase of the heat-transfer coefficient after the 
11 
/’ 
minimum is due to the same reason described above for the case where the 
boundary layer is not separated. The point where the heat-transfer coefficient is 
maximum corresponds to the point where the boundary layer starts to separate. 
Therefore, in the downstream side of this point, the air-friction heating and 
the heat-transfer coefficient are reduced. In the region where the heat-transfer 
coefficient is decreasing (between (2) and (3)), the pressure plateau region is 
spreading and the shock wave strength is increasing. 
As mensioned earlier, the boundary layer re-attaches when the pressure starts 
increasing after the plateau. The heat-transfer coefficient starts increasing slightly 
before the end of the pressure plateau, and still keeps increasing after the pres- 
sure has reached to the maximum. This is because in the downstream of the 
point where the boundary layer reattaches, the stream is bent toward the surface 
by the reflected expansive wave and the air-friction heat is generated. 
In this experiment, we showed that the heat-transfer coefficient changes com- 
plicatedly for both cases where boundary layer is separated and not separated, 
and studied the detailed mechanism of air-friction heating in the interaction 
region. It is found that in the interaction region of shock wave and boundary layer, 
a large heat load is generated because of the large variation of local heat-flux. 
5.  Conclusions. 
In the present experiment, detailed measurement of the heat-transf er coef- 
ficient in interaction region of shock wave and boundary layer has been made 
using multi-layered thin film heat-flux gauge, and the mechanism of air-friction 
heating phenomenon in the interaction region has been investigated. The mea- 
surement using the heat-flux gauge has been proven to be powerful method for 
the heat-transfer coefficient measurement which requires good spatial resolution 
and fast response. 
Summary of the experiment is as follows: 
(1) Experimental conditions of the interaction region of shock wave and 
boundary layer: Mach number 4, relative wall temperature ratio T,/To =0.59 
12 
- 0.66, Reynolds number 1.2 - 1.5~10'. Prom the shock angle 17.8' to 22.8', 
the heat-transfer coefficient starts decreasing before the pressure increases, and 
reaches a minimum value. 
(2) The shock angles between 19.2' and 20.2' correspond to a transitional 
region where the boundary layer starts to separate. The pressure distribution 
is different from the case where the boundary layer is fully separated. On the 
other hand, the heat-transfer coefficient distribution shows the same behavior, 
and also shows an indication of small separation bubbles. 
(3) In the case where the boundary layer is separated, the heat-transfer coeffi- 
cient distribution shows complicated behavior. Namely, the coefficient decreases 
at first and increases rapidly, reaching a maximum value at the point where the 
boundary layer starts to separate. After the maximum, the coefficient gradually 
decreases until the pressure plateau ends, and then increases again. 
We thank M. Orino and A. Ogawa for their help. 
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